The Palaeoproterozoic Penikat layered ultramafic-mafic intrusion in northern Finland is one of the most richly mineralized layered intrusions on Earth, containing at least six platinum-group element (PGE) enriched horizons exposed along >20 km of strike, amongst them the SJ reef, which at $3-7 ppm Pt þ Pd over a width of $1-2 m is surpassed by few other PGE reefs globally in terms of its endowment in PGE. Important PGE enrichments also occur in the PV reef (average 2Á6 ppm Pd, 4 ppm Pt over 1Á1 m) and AP1 reef (average 6Á2 ppm Pd, 1Á7 ppm Pt over 0Á7 m). Here we present new major and high-precision trace element and Nd isotope data from a traverse across the intrusion, and a new U-Pb age of 2444 6 8 Ma for the intrusion. We show that the PGE reefs formed by predominantly orthomagmatic processes as, for example, reflected by well-defined positive correlations between Pt þ Pd and Os þ Ir þ Ru contents. Late-magmatic fluids played no significant role in concentrating PGE. There are at least six cyclic units in the intrusion, displaying a progressive upward decrease in differentiation indices Mg# and Cr/V. Subdued stratigraphic variations in incompatible trace element ratios (Ce/Sm mostly 5-10) and Nd isotope compositions (eNd -3 to -1) indicate that mixing of magmas of distinct lineage, or in situ contamination with country rocks, was not required to form the PGE reefs. There is also no evidence for addition of external sulphur to the magma, based on S/Se ratios at, or below, primitive mantle levels. Instead, we propose that sulphide melt saturation at Penikat was reached in response to fractionation of a siliceous, highmagnesium basalt, and that the sulphides were concentrated through hydrodynamic phase sorting, consistent with bonanza-style PGE grades in large potholes.
INTRODUCTION
Layered intrusions host the bulk of global resources in platinum-group elements (PGE) that are crucial in the production of vehicle exhaust catalytic converters and many other applications in, for example, the chemical and electrical industry. However, at present only four intrusions globally are mined for PGE as the main product, namely Bushveld (South Africa), Great Dyke (Zimbabwe), Stillwater (USA) and Lac des Iles (Canada). Among sub-economic intrusions, the Penikat intrusion is perhaps the most richly mineralized, yet it remains relatively little studied, with few contributions having appeared in the literature since the early 1990s, following the discovery of the mineralization in the late 1980s. In this study, we first review the geology and PGE mineralization styles of the Penikat intrusion. We then present new U-Pb zircon data to refine the age of the intrusion using in situ laser ablation inductively coupled plasma mass spectrometry analysis, and new wholerock major and trace element as well as Nd isotopic data to propose a new model for the origin of the PGE reefs.
2Á44-2Á50 Ga layered intrusions in the Fennoscandian Shield
The northeastern part of the Fennoscandian Shield hosts more than two dozen Palaeoproterozoic layered mafic-ultramafic intrusions (Fig. 1) . Uranium-lead zircon and Sm-Nd whole-rock data have yielded a mean age for the Finnish intrusions of $2440 Ma (Huhma et al., 1990 (Huhma et al., , 2018 . In Russia, the ages of the intrusions span a wider range, from c. 2450 to 2500 Ma (for a summary, see , possibly reflecting two distinct mantle plume events, analogous to the 2445-2490 Ma Matachewan and 2510 Ma Mistassini events of the Superior craton (Ernst & Bleeker, 2010) , which was probably attached to Fennoscandia at the time.
The intrusions were formed by bimodal igneous activity, resulting in mafic and felsic, plutonic and extrusive rocks in Finland and NW Russia. Magnesian basaltic to dacitic volcanic rocks are exposed in the Vetreny belt, whereas felsic volcanic rocks and rapakivi-type granite batholiths (Rä mö & Luukkonen, 2001 ) occur in the Imandra Varzuga belt and greenstone belts in northeastern Finland, closely associated with the coeval 2Á44 Ga Koillismaa and Akanvaara layered intrusions. Magmatism was triggered by plume-driven aborted break-up of the Archaean Kenorland supercontinent (Amelin et al., 1995; Hanski et al., 2001; Hanski & Huhma, 2005) and was concentrated in linear belts tracing intracratonic rift zones (Fig. 1) . In Finland and neighbouring Sweden, several intrusive belts or clusters can be distinguished Iljina & Hanski, 2005) , including those in central Lapland (Koitelainen and Akanvaara intrusions), northwestern Lapland (Tsohkoaivi, Kelottijä rvi, Kurkovare, Keukiskero), and in north-central Finland. The last is the most mineralized, comprising an $300 km long, west-east-trending belt named the Tornio-Nä rä nkä vaara belt (TNB), which includes Penikat, the target of this study, as well as the Tornio, Kemi, Portimo, Koillismaa and Nä rä nkä vaara intrusions. The compositions of the intrusions vary from ultramafic dominated (Tornio and Nä rä nkä vaara) to mafic-ultramafic interlayered (Kemi, Penikat, Portimo), to predominantly mafic (Koillismaa). Based on similarities in their stratigraphy (Iljina & Hanski, 2005; Karinen et al., 2015) , some of the intrusions, or parts of them, may represent dismembered fragments of one or several larger magmatic bodies. The footwall to most of the intrusions consists of Archaean granite gneiss basement rocks, whereas the hanging-wall rocks consist of Palaeoproterozoic metavolcanic rocks or younger supracrustal sequences deposited on a Palaeoproterozoic erosional unconformity (e.g. Alapieti et al., , 1990 Karinen, 2010) . This may imply a relatively shallow emplacement depth followed by tilting, faulting, rapid uplift and partial erosion of the intrusions. Gravity and seismic surveys indicate that the intrusions plunge underneath the Proterozoic cover rocks for several kilometres (Kukkonen et al., 2010; Iljina & Salmirinne, 2011) .
The Finnish layered intrusions contain a wide range of PGE mineralization styles, including narrow silicatehosted reefs at Penikat and Portimo that are analogous to the Merensky Reef of the Bushveld Complex, wide contact-style reefs at Portimo and Koillismaa, analogous to the Platreef of the Bushveld, PGE-bearing chromitite layers at Kemi, Koitelainen, Akanvaara and Penikat, analogous to those in many other layered intrusions, and an unusual style of vein-hosted footwall mineralization (i.e. the Kilvenjä rvi offset veins at Portimo; Andersen et al., 2006) , that has rarely been identified in other layered intrusions. None of the intrusions is currently exploited for PGE, but an exploration programme in the Suhanko block of the Portimo intrusion is at an advanced feasibility stage (Puritch et al., 2007) .
Geology and lithostratigraphy of the Penikat intrusion
The Penikat intrusion is a SW-NE-trending body located $20-30 km to the NE of Kemi, in southern Lapland (Fig. 1 ). Its exposed portion is 23 km long and 1Á5-3Á5 km wide (Halkoaho, 1993) . The deepest boreholes intersecting rocks of the intrusion, drilled by the Arctic Platinum Project, reach $500 m, and the seismic reflection data of Kukkonen et al. (2010) indicate that the intrusion and its PGE reefs extend to a depth of about 2Á5 km, consistent with the gravity model of Lerssi (1990) . Layering is mostly not overturned and dips to the NW, constituting what appears to be a sheetlike body. However, its SW and NE contacts are faults and thus the original size and shape of the intrusion remain unknown. Major faults also occur within the intrusion, resulting in five structurally offset blocks, named, from the north to the south, Sompujä rvi, Kilkka, YliPenikka, Keski-Penikka and Ala-Penikka (Fig. 2) .
The lithological variation in the Penikat intrusion is illustrated in a NW-SE-trending drillcore fence located in the Sompujä rvi block (Supplementary Data Electronic Appendix 1; supplementary data are available for downloading at http://www.petrology.oxford journals.org) and in a plot of CIPW norms against height (Fig. 3) . As a whole, the intrusion is relatively mafic, with ultramafic rocks (i.e. those containing >90% dark minerals) making up <10% of the stratigraphy (Fig. 3) . Most of the rocks are gabbronorites with about 40-60% plagioclase and 10-20% orthopyroxene and clinopyroxene each, as well as accessory Cr-spinel, magnetite, quartz, and phlogopite. Trace phases include sulphides, K-feldspar, apatite, loveringite and others Halkoaho, 1993) . The paucity of ultramafic rocks constitutes a major difference from the Kemi intrusion, located immediately to the SW, which contains c. 1000 m of massive lherzolite, plagioclasebearing websterite-olivine websterite and plagioclasebearing clinopyroxenite, in addition to gabbroic rocks (Alapieti et al., 1986 . Further major differences from Kemi include the relatively low abundance of chromitite seams, measuring centimetres to decimetres at Penikat versus tens of metres at Kemi, and the relative enrichment in PGE (up to tens of ppm at Penikat versus <500 ppb at Kemi; Linkermann, 2011) . In comparison with many other layered intrusions such as Bushveld and Stillwater, anorthosites are rare at Penikat and mostly consist of thin, centimetre-to decimetre-wide bands. However, these can be traced along the entire strike of the intrusion. Massive ilmenomagnetite or apatite-rich seams are absent.
Based on CIPW norms, the intrusion has been subdivided into five megacyclic units (MCU I-V) that can be traced across most blocks, with the exception of MCU III (discontinuous in the Ala-Penikka block), and MCU V (largely absent in the Keski-Penikka and Sompujä rvi blocks, probably owing to erosion) (Fig. 2) . All units are characterized by relatively pyroxene-rich rocks at the base and gabbroic rocks in their upper portions (Fig. 3 and Supplementary Data Electronic Appendix 1). Olivine is absent in MCU I, but forms an important phase at the base of MCU II, III and IV, within mainly lherzolites and olivine websterites. At the base of MCU V, no olivine is seen in thin section, but it is present in the CIPW norm. Olivine may also occur as a minor to major normative phase (up to $20 normative %) within the central to upper portions of some MCUs.
The exposed and inferred thickness of the layered series is $3000 m. It has a sharp, magmatic basal contact with Archaean K-rich granite (Fig. 4a ) locally containing abundant fluorite and galena. The contact is defined by a chilled margin at least 40 cm wide (Supplementary Data Electronic Appendix 2), which has a relatively evolved composition (6Á5-8Á0 wt % MgO, Table 1 ) and is notably enriched in biotite (reflected by 4Á6-5Á7 wt % K 2 O in the whole-rock), interpreted to be the result of in situ contamination (Halkoaho, 1993) . Xenoliths of the country rocks (as e.g. in the basal portions of the Portimo and Koillismaa intrusions; Iljina, 1994; Karinen, 2010) , are rarely observed, but this could simply reflect paucity of exposure.
The chilled margin is overlain by $10-20 m of rocks of the marginal series consisting of sub-ophitic gabbro at the base grading upwards into gabbronorite and then plagioclase-bearing websterite, all of which may be injected by rheomorphic granite veins (Halkoaho, 1993) .
The first megacyclic unit, MCU I, is between 270 and 410 m thick. Its base is defined by a thin (up to a few centimetres) chromite-rich zone characterized by a fine grain size of <0Á1 mm. This is overlain by plagioclaseand chromite-bearing websterite ( Fig. 4b and c ; 100-350 m) containing significant (up to 20%) intercumulus plagioclase and clinopyroxene. Horizons enriched in disseminated chromite occur in the centre of the interval, and above these there is a 0Á5 m, laterally continuous, massive chromitite. The websterite contains granophyric material (Fig. 4b) as well as biotite, ilmenite, apatite and loveringite concentrated in the intercumulus space. It grades into norite, in which augite is initially mainly an intercumulus phase before attaining cumulus status in gabbronorite further up. Strong chromite disseminations can occur in the centre of the noritic-gabbronoritic interval, notably in the Sompujä rvi block, whereas at the analogous stratigraphic level in the Kilkka block there are several thin anorthosite layers overlain by pegmatoids.
MCU II has a thickness of 160-230 m and shows more lithological variability than MCU I, particularly in its lower part where lherzolite and websterite are interlayered (Huhtelin et al., 1989b) . In most parts of the intrusion the base of MCU II is formed by a websterite a few metres thick that hosts a thin (a few centimetres wide) chromitite layer near its base (see fig. 3 .3 of Huhtelin et al., 1989b) . This is overlain by 20 m of lherzolite ( Fig. 4d) with clino-and orthopyroxene as intercumulus phases. It contains several thin layers and disseminations of chromitite. Next are 20-30 m of websterite and then 30-70 m of lherzolite containing several thin (decimetre-wide) layers of websterite. At the top of the ultramafic sequence is a sequence of alternating lherzolite, websterite and gabbronorite, with the last being locally chromite-bearing. The upper portion of MCU II consists of gabbronorite. In the Kilkka Block this may contain four 20 cm wide mottled anorthosite layers (i.e. rocks consisting predominantly of cumulus plagioclase, but with abundant oikocrysts of clino-and/or orthopyroxene) near its base, whereas in the YliPenikka Block the gabbronorite contains narrow lherzolite and websterite layers in addition to anorthosite (Huhtelin et al., 1989b) . In the Yli-Penikka block there is a 100 m wide 'depression structure', in which MCU II transgresses through most of the gabbronoritic upper portion of MCU I. This and other depression structures at Penikat are probably analogues of the so-called 'potholes' of the Bushveld Complex. The top of MCU I is here formed by 0Á5 m of mottled anorthosite, and the potholed MCU II succession consists of a 1-2 cm thick chlorite schist overlain by a 0Á5 cm undulating chromitite stringer, and then lherzolite ( Fig. 5a and b) . In the Ala-Penikka block, the basal ultramafic portion of MCU II is either missing or very thin.
MCU III is 75-330 m thick. It appears to pinch out near the exposed southern margin of the intrusion (Fig. 2) . The unit consists of basal chromite-bearing websterite that measures several metres in thickness, followed by 30 m of chromite-bearing lherzolite. In the middle of the latter is an $10 m rhythmically layered sequence in which the lherzolite contains thin (centimetrescale) harzburgite bands (Fig. 5c ). Several thin (centimetre-scale) chromitite layers occur above this zone. The lherzolites are overlain by a few metres of websterite that may contain two thin (decimetre-scale) gabbronorite interlayers near the top. This is overlain by several tens of metres of gabbronorite, and poikilitic gabbronorite. Towards the top of the unit occur gabbronoritic pegmatoids, as well as disseminations of corroded chromite grains, with locally very high PGE contents.
MCU IV is 760-1110 m thick and hosts the bulk of the PGE mineralization in the form of three reefs, named, from the bottom to the top, the Sompujä rvi (SJ, Fig. 5d ), Ala-Penikka (AP, Fig. 6a-d) and Paasivaara (PV) reefs. The base of MCU IV hosting the SJ reef is transgressive relative to MCU III and consists of a 10-20 m thick ultramafic layer that can be as thin as 20-50 cm near the margins of the intrusion. At its base is a centimetre to 1 m wide basal hybrid rock or chlorite schist that can be enriched in chromite, the latter occurring as layers, schlieren, clasts and disseminations (Fig. 5e ). Based on elevated MgO and Al 2 O 3 contents, the chlorite schist Fig. 3 . Stratigraphy, CIPW norms and modified differentiation index (MDI) in a profile through the Penikat intrusion in the AlaPenikka block (modified after Alapieti & Halkoaho, 1995) . It should be noted that > 400 m of MCU V is preserved in this block. MDI is the sum of normative ocl þ ab þ qtz þ ferroan diopside þ fayalite þ ferrosilite, normalized to the total whole-rock norm from which the normative proportions of chromite þ magnetite þ ilmenite þ apatite have been subtracted (von Gruenewaldt, 1973) . Rock types: 1, peridotite þ pyroxenite; 2, gabbronorite (with cumulus opx and cpx); 3, gabbronorite (with intercumulus augite); 4, Transition Zone; 5, contact zone; 6, anorthosite; 7, bronzite cumulate layer.
has been interpreted as a highly altered and sheared pyroxenite or melanorite (Halkoaho et al., 1989a) . The chlorite schist is overlain by about 1 m of websterite in which clinopyroxene is an intercumulus phase, lherzolite and then again websterite with intercumulus clinopyroxene. Next follow gabbronoritic cumulates in which orthopyroxene has a cumulus habit, whereas clinopyroxene has a poikilitic intercumulus texture; these are overlain by gabbronorite in which clinopyroxene shows a cumulus habit. In the lower portion of the gabbronorite, $100 m above the base of MCU IV, pronounced rhythmic layering is seen, including a thin (up to a few centimetres) anorthosite layer with sharp contacts (Fig. 5g) , locally with elevated PGE contents of up to 1 ppm. Above the anorthosite is about 1 m of websterite and about 20 m above this occurs a mottled anorthosite marker horizon that defines the boundary between zones 1 and 2 of MCU IV (Fig. 5f ). Some 250 m above the base of MCU IV is a thin (2-10 cm), but laterally continuous mottled anorthosite layer that has sharp but undulating contacts to its hanging-wall and footwall gabbronoritic host rocks (Fig. 6a) . A further, very similar Tho  B1  B2  B3  1  1  1  1  1  2  3  4  5  6  6  6   SiO 2  53Á38  53Á22  56Á71  50Á35  48Á56  51Á74  50  57Á31  53Á69  55Á74  50Á79  51Á33  TiO 2  0Á63  0Á99  0Á66  1Á49  2Á57  0Á61  0Á86  0Á27  0Á57  0Á34  0Á76  0Á37  Al 2 O 3  12Á32  12Á81  14Á34  13Á68  13Á62  13Á17  11Á7  1 4 Á7  1 4 Á24  11Á82  15Á70  16Á14  Fe 2 O 3  11Á19  11Á77  9Á76  15Á03  15Á78  10Á30  11Á80  10Á21  10Á38  10Á50  12Á54  10Á45  MnO  0Á16  0Á19  0Á16  0Á21  0Á23  0Á15  0Á16  0Á09  0Á12  0Á18  0Á19  0Á18  MgO  11Á30  8Á52  5Á68  6Á08  6Á24  8Á40  11Á20  6Á49  8Á04  11Á85  6Á91  7Á69  CaO  8Á06  9Á24  8Á68  10Á18  9Á77  10Á10  9Á12  3Á24  5Á26  6Á50  10Á70  11Á25  Na 2 O  2 Á24  2Á16  2Á58  2Á27  2Á16  2Á80  1Á77  3Á91  2Á76  1Á63  1Á94  1Á91  K 2 O  0 Á63  0Á98  1Á30  0Á58  0Á74  0Á72  0Á92  4Á57  5Á73  0Á98  0Á25  0Á28  P 2 O 5  0Á09  0Á12  0Á12  0Á14  0Á34  0Á06  0Á12  0Á04  0Á08  0Á08  0Á16  0Á03  Mg#  0Á67  0Á59  0Á53  0Á44  0Á44  0Á62  0Á65  0Á56  0Á60  0Á69  0Á52  0Á59  Ba  204  262  165  152  157  188  223  490  530  364  192  139  Ce  18Á35  27Á71  43Á26  26Á22  42Á70  17Á2  2 Zn  80  98  80  106  129  65  94  530  80  90  63  Zr  69  108  123  119  200  51  41  130  40  77  54  23  Os  0Á29  0Á20 n.a. Barnes et al. (2010) . n.a., not analysed; b.d.l., below detection limit. (a, b) Contact between MCU I and MCU II at depression structure in Yli-Penikka block. Dip of layering is $40 towards the viewer, whereas the exposure is inclined at a slightly steeper angle. At the top of MCU I is an anorthositic plagioclase orthocumulate layer (white). At the base of the overlying olivine mesocumulate (with poikilitic opx and cpx) of MCU II (dark green) is a narrow (1-2 cm) layer of metapyroxenite (now chlorite schist; brown and green), which is overlain by a chromitite (black) layer 0Á5 cm in thickness. Ultramafic transgressive channel within anorthosite in lower portion of (a), in which lherzolite is bracketed by chromitite and chlorite schist, should be noted. Length of the white scale is about 6Á5 cm. (c) Layering in the ultramafic sequence of MCU III, consisting of alternating layers of bronzite-bearing and bronzite-free lherzolite, Penikanjä nkä , Keski-Penikka block. Length of the compass is 12 cm. (d) Outcrop of the MCU IV lherzolite layer (the host-rock of the SJ Reef), Ala-Penikka block. (e) Chromitite type of the SJ Reef exposed in drillcore Pen-475, Sompujä rvi block. The diffuse Cr stringer is $5 cm wide. It should be noted that sample contains 650 ppm PGE. (f) Near-plan view of anorthosite layer (poikilitic plagioclase adcumulate, with clinopyroxene oikocrysts) $80 m above base of MCU IV, Ala-Penikka block. The anorthosite and the overlying 1 m thick websterite layer (poikilitic bronzite mesocumulate) form a prominent marker horizon throughout the Penikat Intrusion. Length of the white scales is 10 cm. (g) Anorthosite (poikilitic plagioclase mesocumulate) layers at the contact between zones 1 and 2 of MCI IV, Ala-Penikka Block ($100 m above base of MCU IV). This interval forms the most prominent marker horizon in the Penikat intrusion and can be traced along the entire strike length. Length of the white scales is 10 cm. thin anorthosite occurs another 100 m up-section (Fig. 6b) . The anorthosite layers and their immediate footwall rocks host the AP1 and AP2 PGE reefs (Halkoaho, 1989 (Halkoaho, , 1993 Halkoaho et al., 1990b) . The reefs are strongly altered relative to their hanging-wall rocks. The AP1 anorthosite can locally be disrupted and may slump into its footwall (Fig. 6c) . In places, the AP1 anorthosite and its hanging-wall norite are transgressive relative to their footwall, forming a large pothole, somewhat analogous to the large anorthosite potholes in the Bushveld Complex . Within the pothole, the anorthosite is markedly thickened, and the pyroxene oikocrysts appear to have become larger and more abundant, essentially resulting in a poikilitic gabbronorite (Fig. 6d,e) . Numerous pegmatoidal pods are also developed (Fig. 6f) .
Decimetre-sized anorthosite fragments (Fig. 6g ) commonly occur between the two AP reefs, notably above the main AP1 depression structure. Approximately 900 m above the base of MCU IV is a further mottled anorthosite layer, and 100 m above this, at the top of MCU IV, is a 40-60 m thick, highly complex zone termed the Transition Zone (Huhtelin, 1989; Huhtelin et al., 1989a Huhtelin et al., , 1990 Halkoaho et al., 2005) . This consists of layers and lenses of gabbronorite, norite, mottled anorthosite, pegmatoid, and a 10-15 m thick 'mixed rock' composed of irregular, up to 0Á5 m wide patches or fragments of poikilitic gabbro and 1-2 m sized autoliths of gabbronorite in anorthosite adcumulate (Fig. 6h ). This mixed rock layer has a thin anorthosite layer at its base, and both can be transgressive to the gabbroic floor rocks ( fig. 21 of Halkoaho et al., 2005) . It has been compared with the Mixed Rock of the J-M reef of the Stillwater Complex (Turner et al., 1985) and possibly represents a magmatic breccia of anorthosite and gabbronorite . This zone hosts the PV reef, which is described in more detail below.
MCU V has a highly variable thickness. The unit is up to 900 m thick in the Ala-Penikka block, but entirely absent in the Keski-Penikka and most of the Sompujä rvi blocks, probably owing to erosion. At the base of the unit is 4-10 m of websterite (with intercumulus clinopyroxene) displaying a basal contact that undulates relative to the underlying Transition Zone on a scale of metres. The websterite grades upwards into norite. Towards the top of MCU V occur norite (Fig. 4h) , gabbronorite, gabbro, leucogabbro, anorthosite, and plagioclasequartz-biotite rocks containing minor ilmenomagnetite throughout. The uppermost exposed rocks resemble the granophyre in the roof of the Koillismaa intrusion (Iljina & Hanski, 2005) . Based on geophysical data, these lithologies are overlain by at least a further 500 m of intrusive rocks under cover.
MINERALOGY AND MINERAL CHEMISTRY
The petrography and mineral chemistry of the intrusion have been studied in detail by Halkoaho (1989 Halkoaho ( , 1993 , Halkoaho et al. (1989a Halkoaho et al. ( , 1989b Halkoaho et al. ( , 1990a Halkoaho et al. ( , 1990b ) and Alapieti & Halkoaho (1995) , and only a brief summary of the data is given here. Prior to pervasive greenschist-to amphibolite-facies alteration to pseudomorphs of serpentine, amphibole and carbonate, olivine formed euhedral or subhedral grains of up to several millimetres in diameter. Owing to its alteration (Fig. 4d) its primary composition could generally not be determined.
Orthopyroxene occurs throughout the intrusion and tends to be strongly uralitized (Fig. 4c, e and g ), but some unaltered grains of euhedral and subhedral habit could be analysed in most units, ranging in composition from En 80Á9 to 67Á3, and containing up to 0Á56 wt % Cr 2 O 3 . Clinopyroxene is also present throughout the intrusion and could be analysed in most units. It has an intercumulus habit in most ultramafic rocks, notably in MCU I, II, IV and V, and in the basal parts of the mafic portions of all megacyclic units, but attains cumulus status towards the top of most megacyclic units. Clinopyroxene is less altered than orthopyroxene, thus its composition has been particularly useful in constraining the compositional cyclicity of the intrusion (Halkoaho, 1993; Alapieti & Halkoaho, 1995) . In MCU I, II and III, the data show normal differentiation trends of decreasing Mg# with height, with sharp reversals towards elevated Mg# at the base of units. The most primitive grains occur in MCU II, where Mg# reaches 90%, with up to 1Á3 wt % Cr 2 O 3 . One of the most notable features evident in the clinopyroxene data is the markedly lower Mg# and Cr content in clinopyroxenes of MCU IV, relative to the under-and overlying units. This pattern has led a number of researchers to propose two distinct magmatic lineages for the intrusion, one being relatively Cr-rich and the other Cr-poor (Halkoaho, 1993; Alapieti & Halkoaho, 1995) , as discussed in more detail below.
Plagioclase is the least altered of the major silicates and is present throughout the intrusion. Its composition ranges from An 60 to 82%, with the highest values observed in norites and gabbronorites of MCU II and III. The anorthite contents of intercumulus plagioclase in the ultramafic rocks can be as low as 55%.
Cumulus chromite occurs in most rocks of MCU I and II, and in the peridotites and pyroxenites of MCU III, IV and V. The grain size of the chromite shows a broadly progressive coarsening with height. In the peridotites and pyroxenites, euhedral and subhedral grains are mostly confined to the intercumulus domains between cumulus olivine and orthopyroxene ( Fig. 4c and d) , whereas chromite grains at the base of, and below, MCU IV typically are strongly annealed, analogous to those in the Merensky Reef of the Bushveld Complex (Eales & Reynolds, 1986) , and may form inclusions within augite. Chromite has relatively constant Cr 2 O 3 contents in the peridotites, pyroxenites and norites, with a maximum of just over 40 wt %.
Cumulus ilmenite and magnetite are relatively minor phases, but may occur in MCU IV and V, with ilmenite being more abundant.
Apatite is a trace phase throughout the intrusion, but may be common in MCU I and V. The grains can reach up to 1 mm in length and are mostly of intercumulus habit, except in the upper parts of MCU IV and V. Halkoaho (1993) studied apatite compositions in four blocks of the Penikat intrusion and showed that F contents generally increase with height, but show a particularly pronounced increase across the MCU III-IV boundary. Cl contents tend to be highest near the base of the intrusion, but in the Ala-Penika block, there is an additional strong increase in Cl (in excess of 2%) in the lower portions of MCU IV and MCU V.
Sulphides are trace phases throughout much of the intrusion, comprising mainly pyrrhotite, chalcopyrite, and pentlandite. Elevated pyrite contents, as well as trace bornite, sphalerite, galena, millerite and violarite, are found in some of the reefs. The SJ and AP reefs contain abundant platinum-group minerals (PGM) (Halkoaho, 1993) , with diameters between 1 and 300 mm. These are described in more detail below.
DESCRIPTION OF PGE-ENRICHED ZONES

Chromitites in MCU I-IV
Chromitite seams occur throughout the lower portion of the Penikat intrusion. The seams are mostly relatively thin (<10 cm), except for one 0Á5-0Á8 m wide seam within MCU I. The lateral continuity of most chromitites is not well established, owing to poor exposure and the low number of drillcore intersections in the basal portion of the intrusion, mainly confined to the Sompujä rvi block (Supplementary Data Electronic Appendix 1). Chromitite seams, stringers or disseminations occur within websterite or lherzolite at the base of cyclic units (MCU I, II, IV) or within norite or gabbronorite in the centre and towards the top of units (MCU I, II, III). The seams tend to be sulphide poor (<240 ppm S, <130 ppm Cu, Huhtelin et al., 1989b) . They show a broad trend of increasing grain size, PGE contents and PGE fractionation with height; seams in MCU II contain <300 ppb PGE, with Pt/Pd $1 and Pd/Ir 4-5, whereas seams in MCU III have up to 3 ppm total PGE, with Pt/Pd >2 and Pd/Ir up to 10 (Huhtelin et al., 1989b) .
The SJ (Sompujä rvi) reef
The SJ reef is a classical PGE reef sharing many similarities with, for example, the Merensky Reef of the Bushveld Complex: in both cases a relatively narrow zone of PGE-rich sulphide mineralization (thickness typically $1 m) is closely associated with one, or in the case of Bushveld, several chromitite stringers, predominantly along, or near the lower contact of an ultramafic layer that forms the base of a cyclic unit. The ultramafic and mafic rocks below and above the reefs are mostly strongly PGE depleted.
The detailed stratigraphy of the SJ reef interval is highly complex, with several distinct PGE mineralization styles being described by Halkoaho et al. (1989a Halkoaho et al. ( , 1990a and Halkoaho (1993) (Supplementary Data Electronic Appendix 3). The mineralization is concentrated within the lowermost ultramafic rocks of MCU IV, typically consisting of a centimetre to metre thick chlorite schist, which is commonly enriched in chromite occurring as disseminations or stringers and schlieren. Above the chlorite schist can sometimes occur an orthopyroxenite or olivine orthopyroxenite layer, typically up to 1 m in thickness, but locally reaching 3 m in thickness. More usually, the chlorite schist is overlain by a thick (10-20 m) lherzolite. In places, mineralization can extend, in patchy form, for several decimetres or metres into the gabbronoritic footwall, where it can be associated with chromite disseminations and pyroxenite lenses and layers (Fig. 7) .
A typical profile across the reef is shown in Fig. 7c . Of note is that the increase in MgO and decrease in Al 2 O 3 , reflecting the appearance of ultramafic rocks, is accompanied by sharply lower Mg# and Cr contents in the whole-rocks and augite than in the footwall gabbronorites, suggesting that the sulphides of the reef precipitated from relatively evolved magma.
The MCU IV ultramafic rocks are laterally of variable thickness, and they may pinch out and form channels or so-called 'depression structures' that are transgressive relative to the footwall layers. They probably are analogues to the potholes of the Bushveld Complex , and references therein). The depression structures in the SJ reef tend to be enriched in disseminated chromite (e.g. at Kirakkajuppura) and can be extensive. For example, in the northern part of the Sompujä rvi block, MCU III is just 30 m thick, suggesting several tens of metres of magmatic erosion. At the northern and southern edges of the intrusion the ultramafic portion of MCU IV can be very thin and may pinch out altogether. It remains unclear whether these are large-scale erosional structures or reflect a distal facies of the intrusion relative to a feeder zone (see Eales et al., 1988) . Halkoaho (1993) distinguished four types of PGE mineralization in the SJ reef. (1) In the sulphide-dominated type the PGE are associated with sulphide enrichments of up to several per cent (Supplementary Data Electronic Appendix 3). This type of mineralization tends to be located in the basal chlorite schist or websterite of MCU IV and sometimes in the overlying lherzolite. The peak sulphide abundance tends to occur near the base of the lherzolite, whereas the peak PGE values are usually in the underlying websterite and schist. (2) In the chromite type, sulphides are rare (usually <0Á1 modal %), but PGE are closely associated with disseminations of up to $10 modal % chromite (Supplementary Data Electronic Appendix 4) in MCU IV websterite, chlorite schist or their gabbronoritic footwall. This type has markedly higher PGE grade than the other types. (3) The silicate type can occur in all rock types. PGE occur as PGM within silicates, whereas sulphides and chromite are sparse (<0Á1%), to the effect that the mineralization is macroscopically invisible (Supplementary Data Electronic Appendix 5). (4) In the composite type, PGE enrichments occur in sulphide þ chromite-enriched intervals, as well as in zones enriched in either chromite or sulphide (Supplementary Data Electronic Appendix 6). In all reef types, the rocks are strongly altered, rendering recognition of primary textures near impossible.
PGE grades are locally extremely variable, and spectacular grades of >100 ppm PGE over several decimetres are not uncommon (Supplementary Data Electronic Appendices 4 and 7). The highest grade recorded is from drillcore SiKi 308 at a depth interval of 4Á57-4Á75 m (18 cm) in the Kirakkajuppura area, northern Sompujä rvi block (Fig. 2) , where concentrations of 501 ppm Pt, 1350 ppm Pd, 58Á2 ppm Rh, and 12 ppm Au are found in the uppermost gabbronorite of MCU III, peridotite of MCU IV and, in particular, a tremolitechlorite rock between the gabbronorite and peridotite. In the drillcore, the average grade over a height of 11Á2 m is 46Á4 ppm Pd and 18 ppm Pt (i.e. $520 ppm Pd and $200 ppm Pt normalized to a thickness of 1 m, about 100 times that of a typical Merensky Reef intersection). However, notwithstanding the local-scale variation in grade, mineralization style and stratigraphic setting, on a larger scale the grade of the mineralization is remarkably consistent. Our compilation of the available drillcore data until 1990 indicates that of 400 holes drilled through the SJ reef along the strike of the intrusion, only 20 (5%) were 'unmineralized' (i.e. contained less than $100 ppb PGE, the analytical detection limit at the time). The SJ reef has the following average grades in the individual blocks of the intrusion: Ala-Penikka (3Á06 ppm over 1Á38 m, 13 holes), Keski-Penikka (4Á54 ppm over 1Á28 m, 35 holes), Yli-Penikka (5Á96 ppm over 1Á78 m, 22 holes), Kilkka (4Á82 ppm over 1Á09 m, 32 holes), Sompujä rvi North excluding Kirakkajuppura (5Á84 ppm over 1Á31 m, 113 holes), and Sompujä rvi South (7Á28 ppm over 1Á36 m, 185 holes). Because drilling density is highly heterogeneous between blocks, the calculated average grades for some of the blocks are probably approximate. As mentioned above, highly enriched grades occur at Kirakkajuppura at the northern edge of the Sompujä rvi block, and the bulk grade of this 115 000 t ore body is 11Á3 ppm Pt, 19Á8 ppm Pd, 1Á42 ppm Rh and 0Á15 ppm Au over an average reef thickness of 2Á4 m. The data further indicate that chromite-hosted mineralization dominates at Kilkka and Sompujä rvi (25-35% of all intersections), whereas this type of mineralization is nearly absent at Ala-Penikka, Keski-Penikka and Yli-Penikka, where sulphide-hosted and composite mineralization dominates (30-68% of all intersections). The published mineral resource (to a depth of 100 m) for the entire Sompujä rvi block stands at 6Á7 Mt at a grade of 5Á36 ppm Pd and 3Á08 ppm Pt over 0Á97 m (Eerola et al., 1990) . For the sulphide type of the SJ reef (across the entire Penikat intrusion), Pt and Pd contents are 2Á7 ppm each (Pt/Pd is close to unity) and Pd/Ir is 27 (Halkoaho et al., 2005) . Average sulphur contents of the sulphide-type reef are 0Á13 wt % and for the chromite-type reef 0Á03 wt % (Halkoaho et al., 2005) . The tenors of the sulphides are thus extremely high ($1500 ppm Pt þ Pd in sulphide-type).
The PGM in the chromite-type of the SJ reef comprise predominantly Pd-As-Sb minerals (49% of all grains), sperrylite (12Á7%), PGE-Fe-Cu-Mn hydroxides (9%), PGE sulphides (except laurite, 9%), PGE alloys (7Á3%), Sn and/or Pb-bearing PGM (3Á6%, particularly at Kirakkajuppura), laurite (1Á8%) and Pd-Te-(Bi) minerals (1Á8%) (Halkoaho, 1993) . Most of the PGMs occur in association with silicates, and a small amount on the edge of chromite or magnetite. Only laurite has been encountered as inclusions in chromite. In the Kirakkajuppura area, PGE sulphides dominate, whereas in the base metal sulphide type of the SJ reef, sperrylite is dominant (31%), followed by Pd-As-Sb minerals (29Á3%), PdTe-(Bi) minerals (12Á1%), RhAsS-IrAsS minerals (12Á1%), laurite (6Á9%) alloys (3Á4%) and Au-Ag minerals (5Á2%). The base metal sulphide type mineralization has PGMs associated with both silicates and base metal sulphides.
The AP (Ala-Penikka) reefs
The AP reefs are present along most of the strike length of the intrusion. They occur in a thick gabbronoritic interval, specifically within and below (but never above) two narrow, but laterally highly continuous anorthosite seams. The closest known analogues are PGE mineralized anorthosites in the Vurechuaivench block of the Monche pluton, Russia (Pripachkin et al., 2018) . A commonality with many other PGE reefs elsewhere is that the AP reefs occur at a stratigraphic level marked by enhanced compositional layering interpreted by most researchers to reflect magma replenishment. However, contrary to most other global reefs, the AP (and SJ) reefs are at the base of reversals towards more fractionated compositions, as expressed by lower Mg# and Cr content. At the same time, the An content of plagioclase in the few AP traverses examined is higher than in the footwall; that is, pyroxene and plagioclase compositions are decoupled (Fig. 8a) .
AP1 is normally 20-40 cm thick and of erratic grade. The PGE mineralization is associated with interstitial sulphides (on average 0Á52 wt % sulphur; Eerola et al., 1990) . Average grades are 7 ppm Pd and 2 ppm Pt, and average metal tenors are 750 ppm Pt þ Pd (Halkoaho et al., 2005) . The Outokumpu Company established a resource of 3Á5 mt at 6Á16 ppm Pd and 1Á68 ppm Pt, 0Á11 ppm Rh, 0Á28 ppm Au, and 0Á21 wt % Cu (average reef thickness 73 cm; Eerola et al., 1990) . In a detailed traverse across the AP1 reef interval, Halkoaho (1989) showed locally elevated P, Zr and K contents in some, but not all reef samples ( Fig. 8a and b ). An analogous enrichment in P and Zr occurs in a sample of gabbronorite immediately above the APII reef.
Where the AP1 reef is potholed (Fig. 8b) , it may be up to 20 m thick at an average grade of 4 ppm Pt þ Pd þ Au (Fig. 8a) , representing a remarkable 80 ppm PGE normalized to 1 m (Supplementary Data Electronic Appendices 9 and 10). The pothole is characterized by a number of lithological and compositional anomalies, as follows. (1) The AP1 anorthosite thickens from a few centimetres to $20m, but at the same time, the plagioclase content of the rock decreases from > 90% to < 80%, constituting a gabbronorite. The rock has a 'mottled' texture, with large (up to > 10 cm) oikocrysts of pyroxene in a matrix of plagioclase (Fig. 6d) and contains abundant lenses of pegmatoid (Fig. 6f) . (2) The density of faults appears to be higher in the vicinity of the pothole (Fig. 8b) . (3) Abundant subvertical pegmatoid veins and anorthosite fragments occur $200 m above the pothole (Fig. 6g) . (4) A dolerite dyke trends through the centre of the pothole (Fig. 8b) . (5) Apatite in the vicinity of the pothole has elevated Cl contents (Halkoaho, 1993) . (6) VLF-R and IP-DC measurements indicate a lenticular conductivity anomaly located $5-10 m below the pothole and following its contours. The anomaly is 30 m wide, 100 m long and up to 200 m deep (Lerssi, 1990) . (7) Some, but not all samples of mineralized anorthosite and some of the roof rocks show a relative enrichment in P and Zr ( Fig. 8a ; Halkoaho et al., 1989b) . (8) The hanging wall to the pothole contains barite and Ni-rich chlorite not observed elsewhere in the Penikat intrusion.
The AP2 reef is normally very sulphide-poor and almost barren, but sulphide-rich areas may occur. In one of these areas the reef has an average grade of 11Á4 ppm Pd and 3Á4 ppm Pt over a width of several tens of centimetres (Halkoaho et al., 2005) but peak grades of 49 ppm Pd, 9Á8 ppm Pt, and 2Á07 ppm Au (gabbronorite sample 9383-7202, immediately below the anorthosite). It strongly resembles the AP1 reef in terms of host-rock types. The mineralization is again partly located within a laterally continuous, narrow ($5 cm) anorthosite (Fig. 6b) and/or in the underlying gabbronorite. On average, AP2 contains less base metal sulphides (0Á35 wt % S) than AP1, but locally, sulphide-rich patches may contain several tens of ppm PGE. Average metal tenors are 1600 ppm (Halkoaho et al., 2005) . The sulphides in both AP reefs have Cu/Ni 1Á4-2Á7, Pd/Pt 3Á7, and Pd/Ir 170-240; that is, the mineralization is of a more differentiated composition than that of the SJ reef.
In the AP reefs, 28 mineral species have been identified (Halkoaho, 1993) . The PGM grains investigated vary in diameter from 1 to 65 mm, the mean being 7 mm. The dominant PGM are Pd-Te-(Bi) minerals (39Á3% of all grains), sperrylite (20%), Pd-As-Sb minerals (19Á7%), Pd-Pt sulphides (5Á8%), RhAsS-IrAsS minerals (4Á35%), Pt-Pd-Te minerals (4Á35%), Pd-As-Te minerals (2Á9%) and Au-Ag minerals (3Á6%). About 70% of the PGM grains in the AP1 reef were found to occur in association with silicates, 23% on the edge of base metal sulphide grains and only 7% as inclusions in sulphides. About 87% of the PGMs in the AP2 Reef occur in silicates and 13% in association with sulphides.
The PV (Paasivaara) reef
In contrast to most other PGE reefs globally, the PV reef is located directly beneath the ultramafic basal portion of a cyclic unit (MCU V). The bulk of the mineralization is hosted within an anorthosite layer that is closely associated with pegmatoidal layers or lenses. The rocks beneath and above the PV reef are relatively heterogenous, displaying strong compositional and lithological variation commonly expressed in the form of a magmatic breccia (the 'mixed horizon'). The reef interval also contains some of the highest concentrations of incompatible elements in the Penikat intrusion, including Halkoaho, 1989) . The decrease in Cr above reef, and patchy enrichment of Zr and P in reef, should be noted.
K 2 O, P, Pb and Ag, resulting in the occurrence of cumulus apatite and strongly biotite-enriched rocks. At the same time there may be a chromite-enriched zone near the top of the uppermost anorthosite layer (with 1-2 cm sub-rounded patches of chromitite in a 10 cm sample within drillcore SiKi 403). Finally, the PV reef has a much less fractionated PGE signature, with lower Pd/Ir, than the AP reefs, instead resembling that of the ultramafic-hosted SJ reef. Thus, the PV reef displays a remarkable disequilibrium assemblage in terms of lithology and geochemistry.
Although the PV reef has been delineated in most blocks of the intrusion, the drill campaign focused on the Ala-Penikka and Sompujä rvi blocks, hence the lateral continuity of grade is less well established than that of the SJ reef (Supplementary Data Electronic Appendix 11). The available data indicate that the PV reef is richest in the Ala-Penikka block, whereas in the Yli-Penikka block it is of lower grade and more heterogeneous. Too few data exist for the Sompujä rvi and Kilkka blocks to assess the average grade of the reef in these areas.
A detailed profile across the Transition Zone in the Ala-Penikka block, compiled from two drillcores (SiKi 20 and 21) is shown in Fig. 9 and Supplementary Data Electronic Appendix 12. It is apparent that the Transition Zone forms a compositionally distinct package relative to both the footwall and hanging-wall rocks, with a gradational contact to the former and a sharp contact to the latter. The Transition Zone is characterized by strongly enhanced lithological and chemical variation, expressed by interlayering of mela-and leucogabbroic rocks, anorthosite and pegmatoids with highly variable compositions. The abundance of anorthosite is particularly noteworthy. There are three layers within about 35 m of stratigraphy, each 1-2 m wide, whereas in the under-and overlying rocks, anorthosite occurs every 150 m or so. All three anorthosite layers are directly overlain by melanocratic rocks, suggesting a genetic relationship between anorthosite and the melanocratic layers. In general, the rocks of the Transition Zone are less evolved than the footwall rocks (e.g. in terms of Mg# of augite or An of plagioclase), yet more evolved than the hanging-wall rocks. Notably, some of the plagioclase-rich rocks show a strong enrichment in highly incompatible elements K, P and, locally, Zr, and some anorthosites and associated pegmatoids are also enriched in PGE and Cu (Supplementary Data Electronic Appendix 12). The mineralized zones are separated by several metres of unmineralized or poorly mineralized anorthositic and gabbronoritic rocks. The best PGE grades are found within the uppermost mottled anorthosite (average thickness of mineralization is $1 m). Average grades of this layer are 2Á3 ppm for Pd and 3Á9 ppm for Pt and combined Pt þ Pd tenors are 280 ppm, somewhat lower than in the SJ and AP reefs (Halkoaho et al., 2005) . The Outokumpu Company established a resource of 5 mt at 2Á58 ppm Pd, 4Á04 ppm Pt, 0Á08 ppm Rh, 0Á61 ppm Au, 0, 28 wt % Cu, and 0Á63 wt % S over a reef thickness of Fig. 9 . Compositional variation across the PV reef in the Ala-Penikka block (data from Huhtelin, 1989) . It should be noted that the Transition Zone is characterized by a combination of enhanced lithological and compositional variation expressed in layering, as well as enrichment in both compatible and incompatible elements and Cu-Ni-PGE sulphides.
1Á09 m (Eerola et al., 1990) . Cu/Ni is $1, Pd/Ir is 28, and Pt/Pd is $2, the last being the highest in the Penikat intrusion.
In the Yli-Penikka block the PV reef occurs within a broad pegmatoidal zone, with anorthosite forming a less continuous layer. Peak grades are 4 ppm Pt, 2Á69 ppm Pd and 0Á41 ppm Au over 42 cm. In the Kilkka block the peak grades are Pt 1Á50 ppm, Pd 0Á87 ppm and Au 0Á11 ppm over 48 cm and Pt 1Á3 ppm, Pd 2Á32 ppm and Au 0Á29 ppm over 78 cm. In the Sompujä rvi block, exposed by drillcore Ki-403, the Transition Zone is about 25 m thick. There is no mixed rock or pegmatoid at all, and incompatible trace elements are not noticeably enriched. There are several anorthosite layers, including a 6 m seam at the top and several thinner seams (between 10 and 60 cm thick) below this. PGE are concentrated in a 1 m interval towards the top of the main anorthosite, notably in the 10 cm chromite-rich zone at its top contact, with bulk contents of 2Á09 ppm Pd, 2Á49 ppm Pt and 0Á43 ppm Au (Fig. 10 ).
SAMPLES
Most of the samples used in the present study were collected in outcrop during a field excursion in 2011 to the Ala-Penikka block in the southern portion of the intrusion. In addition, eight samples were collected in 2009, focusing on the SJ and AP reef intervals. Most samples weigh between 1 and 2 kg, and their locations are shown in Fig. 11 . To study the ultramafic portion of MCU II, we used outcrop and drillcore samples collected in 1982 in the Sompujä rvi block. Additional data for drillcores intersecting the SJ and AP reefs are given in Supplementary Data Electronic Appendix 7.
Four gabbro pegmatoid samples have been previously dated using the conventional U-Pb thermal ionization mass spectrometry (TIMS) method, all yielding discordant results owing to post-magmatic disturbance (Perttunen & Vaasjoki, 2001) . Using in situ analysis, we re-examined zircon grains from sample A603-Oravikangas, for which Perttunen & Vaasjoki (2001) obtained an imprecise bulk zircon U-Pb age of 2428 6 35 Ma. 
ANALYTICAL METHODS
After the preparation of thin sections at the University of Oulu, the samples were milled in an alumina vessel. The samples were analysed for major elements and a range of lithophile minor and trace elements including Sr, Rb, Nb, Y, Zr, Ni, Cu, Zn, Co, Cr, Sc, V and REE using inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) at Cardiff University, UK. Full details of the analytical procedures have been given by McDonald & Viljoen (2006) . The concentrations of the platinum-group elements were determined at the University of Quebec in Chicoutimi (UQAC), Canada, using ICP-MS after Ni sulphide fire assay and Te co-precipitation [see Savard et al. (2010) for analytical details]. Details of analytical accuracy and precision are given in Table 2 . Selenium was determined by thiol cotton fibre instrumental neutron activation (TCF-INAA) at UQAC [see Savard et al. (2006) for method description]. All data are provided in Table 3 .
The Sm-Nd isotope analyses were performed at the Geological Survey of Finland (GTK) in Espoo, using isotope dilution (ID) and TIMS (VG Sector 54). Between 120 and 200 mg of powdered sample were spiked with a 149 Sm- 150 Nd tracer. The sample-spike mixture was dissolved in HF-HNO 3 in Savillex screw-cap beakers on a hot plate for 48 h. After evaporation of fluorides, the residue was dissolved in 6N HCl and a clear solution was achieved. Samarium and Nd were separated in two stages using a conventional cation exchange procedure with 7 ml of AG50Wx8 ion exchange resin in a bed of 12 cm length, and a modified version of the Teflon-HDEHP hydrogen diethylhexyl phosphate method developed by Richard et al. (1976) . The measurements were made in dynamic mode on a VG SECTOR 54 mass spectrometer using Ta Nd ¼ 0Á51264 6 0Á00002. Total procedural blank was <0Á5 ng for Nd by mass spectrometry at GTK. All Nd isotope data are shown in Table 4 .
The U-Pb analyses were carried out using a Nu Plasma AttoM single-collector ICP-MS system connected to a Photon Machine Analyte G2 laser ablation (LA) system at the Finnish Isotope Geosciences Laboratory (SIGL) located in the Geological Survey of Finland, Espoo. Samples were ablated in He gas (gas flows ¼ 0Á4 and 0Á1 l min Hg from the plasma was eliminated by on-mass background measurement prior to each analysis. Age-related common lead (Stacey & Kramers, 1975) correction was used when the analysis showed common lead contents above the detection limit. Signal strengths on mass 206 were typically 100 000 c.p.s., depending on the uranium content and age of the zircon.
Two calibration standards were run at the beginning and end of each analytical session, and at regular intervals during sessions. Raw data were corrected for the background, laser-induced elemental fractionation, mass discrimination and drift in ion counter gains, and reduced to U-Pb isotope ratios by calibration to concordant reference zircons of known age, using protocols adapted from Andersen et al. (2004) and Jackson et al. (2004) . The calculations were performed off-line, using an interactive spreadsheet program written in Microsoft Excel/VBA by T. Andersen (Rosa et al., 2009) . In-house standard zircons A382 (1877 6 2 Ma) and A1772 (2712 6 1 Ma, Huhma et al., 2012) were used for calibration. To minimize the effects of laser-induced elemental fractionation, the depth-to-diameter ratio of the ablation pit was kept low, and isotopically homogeneous segments of the time-resolved traces were calibrated against the corresponding time interval for each mass in the reference zircon. Plotting of the U-Pb isotopic data and age calculations were performed using the Isoplot/Ex 3 program (Ludwig, 2003 
RESULTS
Geochronology
To refine the age of sample A603-Oravikangas from the Penikat intrusion, studied earlier by Perttunen & Vaasjoki (2001) , 18 single zircon grains were analysed using LA-ICP-MS. The results are shown in Table 5 and plotted in Fig. 12 . All measured compositions plot at or close to the concordia curve. Excluding the two most discordant analyses, the data yield an age of 2444 6 8 Ma (2r), which is more precise than the TIMS age of 2428 6 35 Ma proposed by Perttunen & Vaasjoki (2001) based on five analyses of discordant baddeleyite.
Lithophile element geochemistry
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Ala-Pen, Ala-Penikka; Keski-Pen, Keski-Penikka; Sompuj, Sompujä rvi. Opx, orthopyroxenite; OlPx, olivine pyroxenite. GN, gabbronorite; Anorth, anorthosite; Webs, websterite. Major elements determined by ICP-OES, trace elements by ICP-MS, S and C by elemental infrared analysis, Se by TCF-INAA, and PGE by ICP-MS after Ni sulphide fire assay. n.d., not determined. below), the ultramafic rocks contain mostly between 10 and 20% trapped liquid (Fig. 13d) (Maier & Eales, 1997) . Most samples from across the Penikat intrusion have fractionated primitive mantle normalized incompatible element patterns that show strong negative Nb-Ta, P, and Ti anomalies (Fig. 14) . One of the samples from MCU I is relatively depleted in most trace elements, but shows a positive Nb-Ta anomaly. Two samples (one each from MCU II and IV) are relatively unfractionated. Several samples from MCU III and the SJ Reef lack negative Nb-Ta and Ti anomalies, and several mineralized SJ reef samples (unlike most samples from the other reefs) are characterized by distinct positive Zr-Hf anomalies. However, these samples tend to be relatively altered and thus it is possible that some of the patterns reflect selective element mobility.
The compositional variation with height through the intrusion is summarized in Fig. 15 . Elevated MgO contents are characteristic of the pyroxene-and olivine rich rocks, but concentrations above 30 wt % MgO are confined to MCU II and MCU III and the base of MCU IV. The basal portions of all MCUs are relatively enriched in Cr, resulting from the presence of chromite disseminations, layers or stringers. The remainder of MCU I-III is somewhat less Cr enriched, but still contains > 1000 ppm Cr. MCU IV is different; its base is characterized by chromite enrichment located within a relatively thin, highly altered pyroxenite that in most cases also hosts the bulk of the PGE enrichment. However, this is overlain by ultramafic and mafic rocks that contain < 400 ppm Cr, reflected by strong Cr depletion in augite (< 0Á2 wt % Cr 2 O 3 at an Mg# of 0Á75-0Á8; Halkoaho, 1993; Alapieti & Halkoaho, 1995) . There is a marked compositional reversal towards less evolved compositions at the base of MCU V, particularly in terms of the Cr content of the whole-rocks and augite. The modified differentiation index (Fig. 4) also shows a distinct reversal at this stratigraphic level. The mafic rocks of MCU IV and V are characterized by subdued fractionation, analogous to that seen in the Main Zone of the Bushveld Complex and the mafic zone of the Great Dyke (Wilson & Chaumba, 1997; Maier et al., 2013) .
Regarding the immobile incompatible trace elements, the analysed profile shows slightly elevated Zr, Th and P contents in the basal samples, followed by relatively low contents throughout MCU II and III, a slight increase through MCU IV, a strong peak in some PV reef samples and then mostly relatively high values in MCU V. The SJ reef is not enriched in incompatible elements relative to its footwall and hanging-wall (Fig. 16 ), but isolated zircon grains, up to 0Á5 mm in width, have been described by Halkoaho et al. (1990a) in sample Si/Ki-153/98Á75.
Ratios of incompatible elements may also serve as an indicator of differentiation. Ce/Sm shows little systematic variation through the intrusion, plotting in the range of the putative SHMB and tholeiitic parent magmas (Guo & Maier, 2013) . However, there is a marked change at the base of MCU V, where Ce/Sm increases from $8 to 11. Values of eNd are mostly around -2, in the range of Finnish 2Á45 Ga layered intrusions and SHMB dykes (Hanski et al., 2001; . The analysed SJ reef sample forms an exception in having a higher eNd value (þ1) typical of Finnish 2Á45 Ga tholeiitic dykes (Vuollo, 1994; Vuollo & Huhma, 2005) . However, this sample has very low REE contents and it is possible that the Sm/Nd ratio is not primary.
Variations in ore elements
The Penikat intrusion contains at least six intervals of significant PGE enrichment (Fig. 15b) , mostly associated with compositional discontinuities in the igneous stratigraphy, analogous to PGE reefs in many other PGE-mineralized layered intrusions. The SJ and AP reefs occur in rocks of distinctly more evolved Pb signal using age-related common lead after model of Stacey & Kramers (1975) . Errors are 1r absolute. Rho is correlation of Pb/U errors. T.
Andersen is acknowledged for providing the program used for data reduction. Two standard samples were used in calibration: A1772 and A382 .
composition than their footwall, as discussed in more detail below. In contrast, the PV reef is more 'primitive' than its footwall, as reflected by higher whole-rock Cr/V, as well as the Mg# of whole-rocks and augite. The intrusion displays a general trend of progressive PGE fractionation with height, expressed by increasing (Pt þ Pd)/(IPGE þ Rh), albeit with several reversals. The lowest values occur in MCU I and at the base of MCU II, III, and IV. Notably, the bulk of the intrusion has higher Cu/(Pt þ Pd) than the primitive mantle (i.e. it is PGE depleted). Fertile rocks [i.e. those with Cu/ (Pt þ Pd) < 3000] mainly occur at the ultramafic base of MCU II, III and IV and in some gabbroic-anorthositic rocks of MCU IV (e.g. in and around the AP and PV reefs). This is in marked contrast to the Bushveld Complex, where the bulk of the Lower Zone and Critical Zone have Cu/(Pt þ Pd) ratios below primitive mantle levels . Cu/Zr ratios are mostly between three and 100 (not shown), significantly higher than in Finnish SHMB and tholeiites (Guo & Maier, 2013) . S/Se ratios are broadly around the mantle value throughout most of the intrusion. However, no samples from the relatively S-poor SJ reef were analysed.
There is generally a good correlation between PPGE and IPGE contents in the intrusion as a whole and in the PGE reefs in particular (Fig. 17) , but relatively large scatter in the binary Cu vs Pd plot (Fig. 17d) . Figure 18 also illustrates that the AP reefs have a markedly higher Pd/Pt than the SJ and PV reefs, and higher Pd/Ir (Halkoaho et al., 1989a (Halkoaho et al., , 1989b (Halkoaho et al., , 1994 Huhtelin et al., 1989a Huhtelin et al., , 1990 Halkoaho, 1993) .
Primitive mantle normalized chalcophile element patterns are shown in Fig. 18 . In MCU I, the patterns are relatively unfractionated, resembling those of Finnish SHMB dykes (Guo & Maier, 2013) and the Loljunmaa dyke, previously suggested to represent a potential parent magma to the Penikat intrusion Halkoaho, 1993) . In MCU II and III, as well as the chromitite layers and the SJ reef, the patterns are bell-shaped, reflecting the PGE enrichment of many samples. Many of the rocks in MCU II-IV have pronounced negative Ru anomalies, as previously noted by Halkoaho et al. (1989a Halkoaho et al. ( , 1989b Halkoaho et al. ( , 1990a Halkoaho et al. ( , 1990b . In MCU IV and V, the chalcophile element patterns are trough shaped. The SJ and, in particular, the AP reefs have strong positive Pd anomalies, whereas in many samples from MCU I-III (including the chromitites) this is much less marked, with some samples having higher normalized Pt than Pd values. The PV reef shows positive Pt anomalies.
DISCUSSION
Composition of Penikat parental magma
Knowledge of the composition of the parent magmas to layered intrusions is of key importance in constraining the prospectivity of the intrusions for magmatic ore deposits. However, for most intrusions, the parental magma composition remains poorly known, with the notable exception of the Bushveld Complex (Sharpe, 1981; Barnes et al., 2010) . In the case of the Finnish layered intrusions, including Penikat, a suite of c. 2Á45 Ga mafic dykes emplaced in the Archaean basement rocks is generally considered to represent the best candidate for the parent magmas Halkoaho, 1993; Saini-Eidukat et al., 1997; Alapieti & Lahtinen, 2002) . The dykes are grouped into two main populations, SHMB and tholeiites (Vuollo & Huhma, 2005) . The SHMB dykes contain, on average, 11Á3 wt % MgO, 960 ppm Cr, and 310 ppm Ni (Table 1 ). The average initial eNd value is around -2, and the incompatible elements are strongly fractionated, with pronounced negative Nb-Ta and Ti anomalies (Fig. 19) . In the vicinity of the Penikat intrusion, the SHMB group is represented by the Loljunmaa dyke, located immediately to the east of the intrusion ( Fig. 2 ; Alapieti et al., 1990) . The dyke has 11Á2 wt % MgO, 0Á86 wt % TiO 2 , 990 ppm Cr, 350 ppm Ni, and 420 ppm S. eNd is -1Á2 (Yang et al., 2016) . The Finnish SHMB dykes have a composition that resembles the Bushveld B1 magma in terms of major and compatible trace element contents (Table 1) , and the shape of incompatible trace element patterns (Fig. 19) . However, the former are somewhat less enriched in REE (e.g. 10 vs 18 ppm La) and have less than half the average PGE contents of Bushveld B1 (7 ppb Pt and 6 ppb Pd vs 19 ppb Pt and 13 ppb Pd; Barnes et al., 2010; Guo & Maier, 2013) . The Finnish tholeiite dykes have, on average, 6 wt % MgO, 120 ppm Cr, 70 ppm Ni, and eNd þ1, with less fractionated trace element patterns and less prominent negative Nb-Ta and Ti anomalies (Guo & Maier, 2013) . They do not show strong compositional overlap with most of the Penikat cumulates.
In addition to the dykes, we could also consider the chilled margins of the Penikat intrusion as representing parental liquids. On average, the chilled margins contain 7Á2 wt % MgO and are relatively rich in Cr (around 450 ppm), consistent with an SHMB lineage. However, the rocks have relatively high K 2 O contents (4Á5-5Á7 wt %) suggesting that they are contaminated (Halkoaho, 1993) . Notably, they have slightly higher Pd contents (average of 13 ppb Pd) than the average Finnish SHMB, possibly owing to their more evolved nature. Sulphide contents are very low (180-270 ppm S), ruling out the possibility that the relatively high PGE contents are due Fig. 18 . Primitive mantle normalized multi-element variation diagrams for PGE. Normalization factors are from Barnes & Maier (1999). to the presence of small amounts of sulphide, unless metamorphism has removed some S.
To further constrain whether any of the above magmas may have been parental to the Penikat intrusion, it is first necessary to examine whether the magmas and the cumulates share a similar crystallization sequence. To this effect, we have modelled the crystallization sequence of the dykes using PELE (Boudreau, 1999) . At low to intermediate pressure, fO 2 at the quartz-fayalitemagnetite (QFM) buffer, and 0Á1 wt % H 2 O, Finnish SHMB and the Loljunmaa dyke have a crystallization order of sp-ol-pl-cpx (1 kbar) or sp-ol-opx-pl-cpx (3 kbar), with starting mineral compositions of Fo87 and An 67-69. The crystallization order is broadly similar to that observed in many of the Penikat MCUs (notably II, III and IV) suggesting that the intrusion was emplaced at a moderate depth of <5 km. However, the observed olivine and pyroxene compositions in the least evolved Penikat rocks are less magnesian than the model compositions, and plagioclase has higher An. The low An contents of plagioclase in the crystallization model reflect the relatively high Na contents of the SHMB dykes, possibly resulting from metasomatism during Svecofennian (c. 1Á9 Ga) metamorphism. The relatively low Mg# of the Penikat cumulates may reflect 10-15% fractionation of the SHMB prior to final emplacement.
In view of the significant contamination of the Penikat magmas discussed below, it seems plausible to argue that the SHMB must have contained significant water. However, adding 1 wt % H 2 O to the magma results in a modelled crystallization order of olivine, followed by the appearance of clinopyroxene (Mg# 84) before orthopyroxene and plagioclase, inconsistent with the observed crystallization order. The composition of the main cumulus phases is little affected by adding 1% H 2 O.
MCU IV has significantly lower Mg# and Cr contents in clinopyroxene and whole-rocks than MCU III . Alapieti et al. proposed that MCU IV (and V) crystallized from Cr-poor tholeiitic magma as, for example, represented by the chilled margin of the Koillismaa intrusion. However, based on PELE modelling, the Finnish tholeiitic dykes have a crystallization order of pl-cpx-opx and thus seem inappropriate parental magmas for the cyclic units of the Penikat intrusion. The low Cr contents (<400 ppm in the rocks, < 0Á2 wt % Cr 2 O 3 in augite) and Mg# of augite (<80) of MCU IV can instead be explained by crystallization from a more fractionated SHMB magma. For example, after 40% crystallization, the SHMB has 3Á8 wt % MgO, 276 ppm Cr, Di 78, En 77 and An 60. This model is more consistent with the relative homogeneity in isotope and trace element signature across the intrusion than a model invoking the presence of several magmas of contrasting lineage. The sharp compositional break between MCU III and IV could reflect emplacement of MCU IV magma from a staging chamber, whereas the reversal at the base of MCU V could reflect replenishment with relatively un-evolved magma, or MCU V could be the residual magma of MCU III, displaced by the voluminous MCU IV influx.
The negative Ru anomalies found in MCU II and III as well as in the SJ, AP and PV reefs are not matched in the potential parent liquids to the intrusion (Fig. 18) and thus appear to have formed within the Penikat magma chamber, or a staging chamber. One possibility is that Ru was removed by fractionating chromite (Arguin et al., 2016) ; for example, in chromite slurries sliding towards the subsiding centre of the lopolith.
Mantle source to parental magmas and importance of crustal contamination
As has been pointed out by numerous previous researchers, the enriched chemical signature of SHMB (high Ce/Sm, negative eNd, negative Ti anomalies, high Si content expressed by appearance of orthopyroxene before clinopyroxene on the liquidus) is consistent with magma derivation either from subcontinental lithospheric mantle (SCLM), or by melting of asthenospheric mantle followed by crustal contamination during magma ascent (Barnes, 1989 , Amelin et al., 1995 Amelin & Semenov, 1996; Hanski et al., 2001; Barnes et al., 2010; Yang et al., 2016) . For Penikat, the weight of the available evidence is in favour of the latter model, Fig. 19 . Multi-element variation diagrams for lithophile elements for Finnish 2Á45 Ga dykes (Guo & Maier, 2013) as well as aphanitic marginal rocks of the Bushveld Complex (Bushveld data from Barnes et al., 2010 ; Koitelainen data from Hanski et al., 2001) . The similarities between Finnish SHMB and Bushveld B1 magmas should be noted. Normalization factors from Sun & McDonough (1989). for the following reasons. (1) The SCLM generally lacks negative Nb and Ta anomalies that are characteristic of the Penikat rocks and the SHMB dykes (Gregoire et al., 2002; Simon et al., 2007; Ionov, 2010; Maier et al., 2012; Arndt, 2013) . (2) Coeval basaltic to komatiitic rocks with enriched and broadly similar isotopic and trace element signatures to the Finnish SHMB dykes are exposed in the Vetreny Belt, Russian Karelia. Their compositional variation has been interpreted to result from assimilation of variable amounts of continental crust (Puchtel et al., 1997) . (3) The Kemi intrusion has positive initial cOs that can best be modelled by contamination of asthenospheric magma during ascent through the crust, whereas SCLM derivation is inconsistent with the Os isotope data (Yang et al., 2016) .
We have used Nd isotope and trace element data to further constrain the nature of potential crustal contaminants. Figure 20 shows bulk-mixing lines between a komatiitic parental magma and five examples of Finnish granitoids with different isotopic compositions and ages. In reality, contamination probably involved combined assimilation and fractional crystallization (AFC) instead of bulk mixing between magma and crust. Nevertheless, when the crystallized minerals do not significantly change the Sm/Nd ratio of the melt, as can be assumed to be the case in a high-MgO basaltic to komatiitic system crystallizing olivine and clinopyroxene, only very slight deviation from the linear trend occurs during AFC.
There are several Neoarchaean granitoids that can be modelled to produce the isotopic composition of the dykes through AFC, including that of the 2Á70 Ga Surmansuo porphyritic granite [(1) in Fig. 20 ]. It should be noted that the Runkaus granite [(2) in Fig. 20] , which forms the footwall to the Penikat intrusion and is cut by the Loljunmaa dyke that may represent a feeder to the intrusion, seems to be an inappropriate contaminant. This is consistent with the trace element and isotope signature of the cumulates that were interpreted largely to reflect contamination in a staging chamber, as discussed above. Mesoarchaean or Palaeoarchaean granitoids with ages of >3Á0 Ga have far too low eNd (2440 Ma) to have played any role in magma-crust interaction. Assuming a depleted mantle source for the primitive magma, the amount of assimilation required to develop a negative eNd value of -1Á2 for the dyke magma is dependent on the Nd concentration of the komatiitic magma; that is, the degree of fractionation after its generation, and the Nd concentration and isotope composition of the contaminant. In the case of the Surmansuo granite, simple mixing with a basaltic komatiite (MgO 17 wt %) with 2Á14 ppm Nd (see Puchtel et al., 1997) simulates the observed isotope composition of the dyke after 12% assimilation, and slightly less contamination if an AFC process is assumed.
Origin of the Penikat PGE reefs General
The origin of PGE reefs in layered intrusions remains controversial despite nearly 100 years of debate (e.g. Wagner, 1929) . The main models generally considered are the following.
Model 1. The reefs formed through mixing of compositionally contrasting resident and replenishing magma triggering sulphide liquid immiscibility in the hybrid magma, followed by segregation of the sulphide melt from, and equilibration with, a large body of hybrid magma to achieve high metal tenors (Irvine, 1975; Campbell et al., 1983; Naldrett & von Gruenewaldt, 1989) .
Model 2. The magma from which the PGE reefs crystallized was unusually PGE rich, through assimilation or entrainment of PGE-rich sulphides in a staging chamber (Naldrett et al., 2009; Holwell et al., 2010) .
Model 3. The magma in the magma chamber became temporarily supersaturated in sulphide through a sudden increase in pressure; for example, in response to magma replenishment (Cawthorn, 2005) . As in model 1, this was followed by segregation of sulphides through a large magma body, to achieve high R factors.
Model 4. The magma reached sulphide melt saturation through contamination within the chamber; for example, with the roof-rocks. As in models 1 and 2, this was followed by segregation of the sulphide melt through, and collection of metals from, the magma body (Kinnaird et al., 2002) . (Yang et al., 2016) . Also shown are mixing lines of basaltic komatiite generated from depleted mantle and five selected examples of different granitoids: (1) 2Á70 Ga Surmansuo porphyritic granite ; (2) $2Á70 Ga Runkaus K-rich granite, south of the Penikat intrusion, Pudasjä rvi block ; (3) 2Á82 Ga Takaaho trondhjemite from Suomussalmi ; (4) 3Á21 Ga tonalite from the Vodla block, Russian Karelia ; (5) $3Á50 Ga granitic leucosome from the Siurua tonalitic gneiss, Pudasjä rvi block . Isotopic data for the dykes taken from Yang et al. (2016) . For comparison, the average Nd isotope composition of Vetreny Belt komatiites from Puchtel et al. (1997 Puchtel et al. ( , 2016 ) is also plotted. All eNd values are calculated at 2Á44 Ga.
Model 5. The formation of the reefs involved late magmatic fluids ascending through the cooling crystal pile, either introducing PGE from the footwall rocks, or concentrating PGE through recrystallization of rocks containing high R-factor magmatic PGE (Nicholson & Mathez, 1991; Boudreau & McCallum, 1992) .
Model 6. The PGE in the reefs precipitated from magma that intruded the cumulate sequence as sills (Mitchell & Scoon, 2007; Latypov et al., 2015; Mungall et al., 2016) .
Model 7. PGE-rich sulphides were concentrated during hydrodynamic sorting of sulphide-bearing cumulate slurries slumping towards the centre of magma chambers that subsided in response to crustal loading .
Model 8. Sulphide-bearing magma was mobilized from within the cumulate pile; for example, through tectonic readjustment of the chamber (this study).
In the following, we consider in more detail which of these models is most appropriate to explain the formation of the Penikat PGE reefs. It should be borne in mind that most previous studies of PGE reefs in layered intrusions focused on relatively well-exposed and unaltered or weakly altered intrusions, namely Bushveld, Great Dyke, Skaergaard, Rum and Stillwater. Unravelling the petrogenesis of the Penikat reefs is more challenging, owing to pervasive greenschist to amphibolite metamorphism.
Model 1: magma mixing
This model was originally proposed for the Bushveld and Stillwater intrusions (Irvine, 1975; Campbell et al., 1983; Naldrett & von Gruenewaldt, 1989) in which numerous compositional reversals have been interpreted as a result of frequent magma replenishment and mixing of magmas with distinct compositional lineages. Campbell et al. (1983) suggested that particularly vigorous magma mixing resulted when plumes of relatively un-evolved replenishing magma intruded into and through relatively dense and evolved resident magma. If both magmas were nearly saturated in sulphide, an immiscible sulphide melt could have formed (Li & Ripley, 2005) . Our new geochemical data do not provide clear constraints on the magma mixing model: although the incompatible trace element and Nd isotope compositions of the Penikat rocks show no evidence for distinct magma lineages, they do not rule out mixing of magmas of similar lineage but different fractionation state. However, a more general criticism of the magma mixing model is that it fails to explain the extremely efficient concentration of sulphide into a narrow layer bounded by rocks that are sulphide-and PGE-poor (< 40 ppb PGE/100 ppm S), as observed at Penikat. To attain the observed high metal tenors of the sulphides (hundreds of ppm), it is normally assumed (within the context of the magma mixing model) that the sulphide droplets must have been swirling within, and equilibrated with a large magma body. One would thus expect that the PGE reefs should be much wider and more diffuse than what is observed, particularly as the sulphides in the reefs tend to be much smaller (mostly ¼1 mm, based on petrography) than olivine and pyroxene (mostly >2 mm).
Model 2: intrusion of PGE-rich magmas derived from a staging chamber Naldrett et al. (2009) argued that concentration of PGE into narrow reefs is not feasible from a basaltic magma with 10-20 ppb PGE, for the reasons outlined above. They thus suggested that the reefs crystallized from unusually PGE-rich magma derived from a staging chamber. Mitchell & Scoon (2007) had previously argued for reef crystallization from relatively sulphur-rich magmas, and Holwell et al. (2010) found sulphide inclusions within chromite, which they argued indicate entrainment of sulphide from a staging chamber. The main problem with the model is that very few of the dykes or sills that could represent the chilled parent magmas to layered intrusions have been found to be enriched in PGE relative to normal basaltic magmas. This also applies to the 2Á45 Ga dyke suite associated with the Finnish layered intrusions (Guo & Maier, 2013) .
Model 3: pressure increase
An increase in pressure related to magma replenishment could have triggered sulphide melt saturation throughout the magma chamber (Cawthorn, 2005) , but as in Model 1 above, the key challenge is how to achieve rapid and efficient sulphide melt accumulation from a magma body several tens or hundreds of metres in thickness to form the SJ, AP and PV reefs, all of which have widths mostly not exceeding a metre. Pressure changes can potentially explain the formation of the AP and PV anorthosites through pressure release (Cawthorn & Ashwal, 2009 ) but as pressure release increases the S solubility of the magma (Mavrogenes & O'Neill, 1999) , the association of sulphides and anorthosite in the AP and PV reefs is inconsistent with the model.
Model 4: in situ contamination
The PGE reefs could have formed through contamination of replenishing magma pulses with the roof rocks of the magma chamber (Kinnaird et al., 2002) . This model would require that replenishing magma pulses intruded the resident magma as a buoyant plume, or that the new magma intruded as a sill between the cumulate pile and the chamber roof. However, the contamination model is inconsistent with our trace element and isotope data that show no significant shift towards more enriched values (as, for example, would be expressed by higher elevated incompatible element contents, LREE/HREE, La/Nb or lower eNd) across the SJ or the other reefs (Figs 15 and 16 ).
Model 5: fluid flux Nicholson & Mathez (1991) and Boudreau (2008) proposed that the Merensky Reef essentially represents a restite formed at a fluid fluxing front. Specifically, the layered anorthosite-chromitite-pyroxenite interval of the Merensky Reef would have formed in response to recrystallization of an initially relatively poorly layered, sulphide-bearing noritic-pyroxenitic proto-cumulate. Recrystallization would have been triggered by late magmatic fluids ascending through the compacting footwall cumulate pile. The fluids caused partial melting of predominantly pyroxene, peritectic crystallization of olivine, and, owing to the expansion of the phase stability fields of chromite and plagioclase, the formation of a basal (restitic) anorthosite layer and one or several chromitite stringers. If the volatile-rich partial melt could not escape from the melting horizon, a pegmatoidal ultramafic layer would also be produced. Within this model, the PGE-rich sulphides are of magmatic origin, but underwent secondary concentration during the partial melting of the proto-cumulate, which facilitated downward percolation of sulphide melt. Fluid-fluxed partial melting of proto-cumulates could potentially also explain the abundant potholes in the Merensky Reef, interpreted as analogues of seafloor pockmarks by Buntin et al. (1985) and Boudreau (1992) .
The Penikat reefs share certain lithological features with the Merensky Reef, which could suggest a role for fluid-driven recrystallization in reef formation; namely, the association of PGE with chromitite stringers (SJ, PV reef) and anorthosite layers (AP, PV reefs), the presence of potholes at the base of all reefs, the occurrence of amoeboid (recrystallized) chromite in the footwall of the SJ reef (Halkoaho, 1993) , and the localized strong enrichment in incompatible elements Zr, P, Ba and Cl in the reefs (particularly AP and PV, Fig. 8c) .
However, models involving fluid-driven recrystallization of the reefs have failed to gain wide support amongst layered intrusion researchers. The main reason may be that current estimates of the composition of Bushveld parent magmas suggest low volatile contents (0Á31 wt % H 2 O for B1; Barnes et al., 2010) and cumulates from the Bushveld Complex and other PGE mineralized intrusions such as the Great Dyke and Stillwater, including the reef horizons, are relatively poor in hydrous silicates, mostly at < 1 modal %. One could argue that in most of the cumulates, volatiles were efficiently expelled during compaction; Karykowski & Maier (2017) documented up to 5% phlogopite, as well as abundant alkali feldspar, apatite and zircon, concentrated in pods within about 50% of analysed LZ samples and argued that intercumulus liquid is highly mobile in the crystallizing cumulates. Maier et al. (2016) suggested that hydrodynamic sorting may result in volatile-rich feldspathic mushes that may act as lubrication planes along which cumulate packages may slide. This in turn may lead to efficient compaction and expulsion of volatilerich residual liquid.
Some studies of the Bushveld and Stillwater complexes proposed that fluids did not just trigger recrystallization of the cumulates, but additionally introduced PGE from the floor cumulates (Boudreau & McCallum, 1986; Boudreau, 1988; Boudreau & McCallum, 1992; Wilmore et al., 2000) . Petrological arguments against the role of fluids in reef formation have been summarized by Cawthorn et al. (2005) . One of the main criticisms is probably that in some intrusions (Bushveld, Portimo) the reefs may be resting just a few tens of metres above the country-rock floor (Iljina & Hanski, 2005; Van der Merwe, 2007) , rendering PGE derivation from the footwall cumulates problematic, unless the footwall was very PGE rich. More importantly, if the PGE were transported by fluids, one would expect to see fractionation between relatively mobile PPGE and largely immobile IPGE, yet the IPGE and PPGE are normally well correlated within the most important PGE reefs, including the Penikat reefs (Fig. 17 ).
Model 6: emplacement of sills
The model was initially proposed by Lee and Butcher (1990) Mitchell & Scoon (2007) for the Merensky Reef and was further developed and applied to both sulphide reefs and chromitites by Latypov et al. (2015) . The researchers argued that at the level of the reefs, relatively crystal-poor magma derived from staging chambers injected the semi-consolidated crystal pile in the form of sills. Sulphides were either entrained from a staging chamber or sulphide melt saturation was triggered by in situ mixing, and the high R-factors required to generate the high metal tenors of the sulphides were achieved when fertile magma streamed laterally within the sills and past sulphides at the crystallization front. This model is difficult to constrain using chemical data, but Mungall et al. (2016) presented geochronological data to argue that some Bushveld chromitites postdate their host-rocks. At Penikat, the exposure is not good enough to map and analyse sills and apophyses, but high-precision dating of reefs and their host rocks is in preparation.
Model 7: hydrodynamic sorting of crystal mushes Maier & Barnes (2008) and Maier et al. (2013) proposed that sulphide-bearing crystal mushes at the top of the cumulate pile slump towards the subsiding centre of intrusions, thereby undergoing hydrodynamic sorting to yield layered ultramafic-mafic sequences, consisting of ultramafic and feldspathic cumulates, including anorthosites. The slurries locally intruded into their floor rocks, producing apophyses and sills of chromitite and sulphide-rich silicate rocks. The model is consistent with field and compositional evidence from the Penikat SJ and AP reefs, which are located in intervals characterized by enhanced layering and the presence of magmatic breccias and potholes. The model offers an explanation for the highly efficient concentration of PGE-rich, high R-factor sulphides into narrow reefs. Depending on the efficiency of sorting, possibly related to the size and cooling rates of intrusions and the volatile content of the magma, the process may result in the irregular enrichment of chromite and PGE in the reefs along-strike, with bonanza-style enrichments in potholes such as within the SJ reef at Kirakkajuppura and the AP1 pothole of the Ala-Penikka block (Fig. 8) . The potholes may have formed through a combination of magmatic erosion and faulting facilitating localized collapse of mushes into dilatational (pull-apart) structures. Notably, the abundant pegmatoidal patches associated with the AP pothole and the anorthosite fragments confined to the roof rocks of the pothole suggest that at the time of pull-apart, the AP1 reef was covered by further cumulates (Fig. 21) . The hydrodynamic sorting model has been tested by fully scaled tank experiments (Forien et al., 2015) , but these need to be extended using non-spherical crystal analogues and variable volatile contents, given that gas bubbles may dramatically alter the flow behaviour of mushes (Lesher & Spera, 2015) .
Model 8: mobilization of PGE-rich magmas from the lower portions of intrusions Large layered intrusions are likely to undergo significant tectonism during emplacement and growth (Uken & Watkeys, 1997) . This process could trigger mobilizations of PGE-rich magmas or slurries from within the semi-consolidated cumulate package, ascending through the pile and intruding either as sills within, or as flows on top of the pile. Evidence supporting the model could include features such as intrusive relationships of layers characterized by knife-sharp and transgressive contacts with the hanging-wall and footwall rocks, dykes extending into the roof and floor of layers and possibly containing magmatic breccias, and disequilibrium assemblages characterized by, for example, reversed zoning of minerals. However, the good threedimensional exposure necessary to make many of these observations is rarely available.
A strong case for sill emplacement can be made for the PV reef in the Penikat intrusion (Fig. 21) , characterized by a reversal to relatively un-evolved metal signatures, disequilibrium assemblages characterized by the coexistence of chromite and sulphides showing unfractionated PGE contents with evolved phases such as apatite, alkali feldspar and quartz, strong enrichments in incompatible elements and volatiles relative to the floor and roof rocks, the presence of magmatic breccias, and a knife-sharp contact to the barren roof rocks. These observations are consistent with a model whereby the PV reef formed through intrusion of fractionated, volatile-rich magma along the contact between the largely solidified MCU IV and V. The relatively 'primitive' Pt/Pd, Pd/Ir and Cu/Ni ratios of the PV reef suggest that magma assimilated and entrained sulphide melt from one of the PGE reefs in the lower portion of the intrusion; that is, MCU II or III, or the SJ reef.
SUMMARY AND CONCLUSIONS
The Penikat intrusion contains several PGE-enriched zones or reefs, analogous to many other PGE mineralized layered intrusions. Poor outcrop and pervasive alteration make interpretation of the data more difficult than elsewhere, and thus much of the evidence has to be gathered from drillcore, complemented by a test pit in the Sompujä rvi block and clearing (from lichen) of key outcrops across the intrusion conducted in the 1980s. The evidence suggests that the Penikat reefs formed through a combination of processes. All Penikat rocks have elevated Cu/Zr, suggesting that the magma was S-saturated or close to S-saturation during much of Fig. 21 . Schematic model for formation of the Penikat PGE reefs. The SJ reef formed by hydrodynamic sorting of the MCU IV magma influx, leading to concentration of chromite, sulphide and olivine-pyroxene. The abundance of potholes and localized injections into the floor should be noted. The AP reefs formed by hydrodynamic sorting of sulphides emplaced with new magma pulses injecting into MCU IV. This replenishment event also resulted in pull-apart structures expressed in the large AP1 pothole, filled with sulphidic cumulates. The PV reef represents the residual liquid of the SJ reef, displaced upwards owing to intrusion of MCU IV. All three reefs were variably affected by late-stage partial melting induced by late magmatic fluids dammed up below the well-compacted reef rocks, triggering the formation of anorthosite and pegmatoids, notably in the AP and PV reefs. Red dots, sulphide; black dots, chromite; continuous-line arrows, direction of movement of crystal slurries; fine dotted-line arrows, direction of movement of solid rocks; dashed black line, fault.
the crystallization history. All reefs occur in intervals of enhanced layering and compositional reversals, suggesting that magma replenishment played an important role in reef formation. Whether mixing of magmas and temporary increases in pressure resulting from replenishment contributed to driving the magmas to sulphide saturation remains unclear. Although all Penikat reefs have been traced along much of the strike length of the intrusion, they show less continuity, albeit broadly similar overall grade, compared with, for example, the Bushveld or Great Dyke reefs, possibly owing to faster cooling as a result of the relatively smaller size of the intrusion. Bonanza-style PGE enrichments in SJ and AP potholes suggest that hydrodynamic sorting was important in reef formation. The PV reef is unusual in that it possibly formed from magmas that cannibalized sulphides from the lower portion of the intrusion and then intruded into, rather than flowed on top of the cumulate package. All three major PGE reefs were affected by late magmatic recrystallization triggered by fluids or volatile-rich melts ascending during cooling and compaction of the footwall rocks. This was of relatively minor importance in the case of the SJ reef, but was more significant in the AP and PV reefs, generating abundant pegmatoidal pods, and localized pods and stringers of chromitite. However, in none of the reefs is there evidence for mobilization of PGE by fluids.
